Background: Rice is a major cereal crop and staple food of eastern India, and most farmers depend solely on rice for their livelihood. Rice farming provides both tangible and non-tangible benefits to ecosystems which need to be maintained and enhanced. These benefits are provided through ecosystem services (ES) that include both marketable and non-marketable. Methods: In this study, the rice farms in eastern India were valued by quantifying the economic value of the services under conventional method of rice cultivation and the gap of ecosystem services value and farm income per unit area were assessed. A stratified random sampling technique was used in this study for selection of agro-climatic zones, districts, blocks, gram panchayat, and study units (households). Soil sampling was also performed for assessing the regulating services (biocontrol of pests, carbon flow, soil erosion, nitrogen fixation), provisioning services (food and by-products), and supporting services (soil fertility, hydrological flow, nutrient cycling, and soil formation).
Introduction
Agricultural ecosystems are engineered by humans to produce food, which is a basic need to sustain life and development. Apart from foods, they provide other valuable products such as fiber and fuel along with other non-marketed services to the environment (Costanza et al. 1997; Millennium Ecosystem Assessment (MEA) 2005; de Groot et al. 2012) . The ecosystem services (ES) from farmland largely depend on the inputs used for cultivation and the crop management practices followed by farmers (Wossink and Swinton 2007; Ma et al. 2012) . ES are usually classified as (a) provisioning services such as food, byproducts, fuel, and other harvestable goods; (b) regulating services like pest and disease control, pollination, soil retention; (c) cultural services like recreational and cultural benefits; and (d) supporting services, such as nutrient cycling, hydrological flow, and soil fertility that maintain the favorable conditions for life on Earth (MEA 2003) .
Rice (Oryza sativa L.) is the staple food for 2.5 billion people worldwide, whereas in South Asia, about 1.7 billion people comprising over 50 million households, depend solely on rice for their livelihood (Manzanilla et al. 2011 , IRRI Rice today 2014 . In India, rice cultivation consumes about 32% fertilizer (FAO 2005) , 22% of pesticide (Krishna et al. 2003) , and about 60% of water (Raju et al. 2005) , and is cultivated on an area of about 43.4 million hectares (GOI 2016) . Rice is widely grown in the eastern part of India; however, famers do not get adequate returns from rice cultivation in this region due to low productivity per unit of land. Thus, the government often pays compensation in the form of subsidies to the farmers. The valuation of ecosystem services has recently become an important area of research, aimed not only at maintaining and enhancing ecosystem services, but also for providing a solid platform for compensating the land managers for protecting, nurturing, and maintaining ecosystem services. Rice-based systems play a major role on both the supply-and demand-sides of ES (Zhang et al. 2007 ). They supply three primary categories of ES: provisioning, regulating, and cultural services, while they require supporting services in order to be productive. Farmers are the chief drivers of production through cultivation of crops, contributing to both food security and sustainable development (Tilman et al. 2002; Stalman 2011) . The direct benefits of farming in the form of food, fiber, or fuel are provisioning services, which depend on the supporting and regulating services (Zhang et al. 2007) . Farmers depend on these systems primarily for their provisioning services. Thus, proper management strategies are needed for continuous flow of these services. Apart from these ES, rice ecosystems might also lead to disservices such as soil loss, nutrient depletion, the hosting of pests and diseases, and greenhouse gas (GHG) emissions (Zhang et al. 2007; Tilman et al. 2002; Barrios 2007; MEA 2005; Stallman et al. 2011) . Life on the earth is supported by natural ES through numerous processes and functions (Myers 1996; Daily 1997) . Decline of natural resources worldwide due to over exploitation has resulted in the loss of ES (Reid et al. 2005) , necessitating that ES be accounted for through proper valuations. The aim of valuation is not simply to assign a price to ES goods and services, but is rather the process to promote the ES concept within governmental policy agendas (Loc et al. 2016) . Literature on ES of agricultural ecosystems as a whole (Zhang et al. 2007; Ribaudo et al. 2010; Stallman 2011) has subsequently led to valuations of agricultural ecosystems (Sandhu et al. 2008; Xiao et al. 2011; Pathak et al. 2017 ), but little has been documented specifically on ES of rice-based systems.
Average farm household income in India is approx. Rs 8931 (128$) per month, 2016 (National Bank for Agriculture and Rural Development (NABARD, 2017) ). Such low farm income is primarily responsible for the prevailing agrarian crisis (Devi et al. 2017) . Thus, many researchers have suggested that in order to increase the income of farmers, some minimum compensatory mechanism/allowance may be adopted/provided on the basis of a valuation of the ES that they generate. It has been reported that providing a monetary value for ES is an important step to raise awareness as well as convey the importance of ES to policy makers (Devi et al. 2017) . To ensure the sustainability in rice farming in different environmental situations, and to improve the efficiency of production techniques, valuation of all services is necessary. There is a need to discover the reasons for the gaps between the total value of ecosystem services rendered by rice farming and economic return to the farmer (farm income) in terms of provisioning services. Thus, the present study was conducted to (a) estimate the value of ecosystem services from rice farms under different agroclimatic zones (ACZs), and (b) assess the gap between farm income and the value of marketed and non-marketed ES of rice farms in eastern India.
Methodology
Study area, sample, and data
The study area was in the eastern part of India (Fig. 1) , where the climate is sub-humid tropical with mean annual precipitation ranging from about 1500 to 1600 mm, of which 75-80% is received during June to September and the annual temperature ranges from 10.4 to 38°C, where rice is cultivated as the principal cereal crop. The detailed description of the study area is given in Table 1 . A stratified random sampling technique was used to select the ACZs, districts, blocks, gram panchayat, and study units (households) for primary survey. The four ACZs chosen at the first level, which represent distinct physiographical and demographic characteristics, are the north western plateau (NWP, 12, 910 km 2 ), the north central plateau (NCP, 17, 260 km 2 ), the north eastern coastal plain (NECP, 8840 km 2 ), and the north eastern ghat (NEG, 23, 050 km 2 ). Among all of these zones, NEG represents the lowest level of agro-ecological intensification and is a low productivity area, and NWP is a high productivity area. Further, one district from each ACZ, two blocks from each district, one gram panchayat from each block, and one village from each gram panchayat were selected randomly. Four rice farm fields from each village, comprising 16 rice farms in total from each ACZ, were chosen randomly. Three replicated soil samples were collected from a single farm field; thus a total of 12 soil samples from each village and 48 samples from each ACZ were collected and transported to the laboratory for processing and analysis. After collection, soil was allowed to shade dry and was processed (grinding and sieving) for chemical analysis. Information about cropping practices was collected from the land owners through detailed interviews at the time of sampling from the field, using a structured questionnaire. Other basic information like land type, details of crop production and practices, irrigation, marketing, etc. were also collected by face-to-face interviews with selected respondents.
Assessment of ecosystem services
Rice ecosystem services, including regulating services (biocontrol of pests, carbon flow, soil erosion, nitrogen fixation), provisioning services (food and by-products), and supporting services (soil fertility, hydrological flow, nutrient cycling, and soil formation) were considered for the assessment. Several authors have proposed numerous concepts and classifications of ES that leads to large differences in interpretation of biophysical structures, ecological functions, services, and benefits (Landers and Nahlik 2013; Mononen et al. 2016; Spangenberg et al. 2014; UK 2011; TEEB 2010; La Notte et al. 2017 ). Such differences make it difficult to differentiate between ecosystem functions and services. In order to avoid double counting, some ES have been kept under ecosystem function (Haines-Young and Potschin 2010; La Notte et al. 2017 ). However, since many ES have both direct and indirect benefits, categorizing them under ecosystem functions may lead to improper valuation and misuse of those ES. The values of ES such as nitrogen fixation, soil fertility and nutrient cycle, etc., through their direct effects, have been reflected in provisioning service valuation, their indirect effect such as maintaining soil fertility in perpetuity for future generations, and reduction of GHG emissions during the process of production to application of these nutrients in the form of chemical fertilizers, also have some value and need to be accounted for (Spangenberg and Settele 2010) . Hence, we have assigned value to these services. Rice holds a great cultural significance to the country like India and more so for Odisha. It is regarded as symbol of prosperity, auspiciousness, and key ingredient in rites and rituals during the ceremonies that signifies transition period in an individual's life and personality development. Previous studies have established relationships among cultural services and rice cultivation, but methods to convert these services to monetary values are rare in the literature. In this study, we did not consider the economic values of cultural services, or those related to the maintenance of biodiversity as well as gas regulation, due to the lack of appropriate data, and lack of an appropriate valuation methodology. Consequently, the total value of ES from rice fields could be higher than the values estimated in this study. The ES assessment for rice farms followed the method described by Sandhu et al. (2008) , which summed the individual ES values. The value of each ES was measured and presented in US dollars (RBI 2017) . The components of ES measured are food (ES 1 ), by-products (ES 2 ), biological control of pests (ES 3 ), soil formation (ES 4 ), mineralization of plant nutrients (ES 5 ), carbon flow (ES 6 ), nitrogen fixation (ES 7 ), soil fertility (ES 8 ), hydrological flow (ES 9 ), and soil erosion (ES 10 ). Total ES values were estimated using the following equation:
Where ES T = total ES value, ES M = marketed (tangible) ES values, and ES NM = non-marketed (non-tangible) ES values.
The marketed value of ES comprised the sum of the economic value of products (grains) and by-products (rice straw) produced (Eq. 2), which are traded by farmers directly in the market. The remainder of the services are categorized as non-marketed ES values (Eq. 3) (McTaggart et al. 2003; Sandhu et al. 2008) .
Food and by-products
The ES of food produced from rice farming system was calculated by multiplying the minimum support prices (MSP for the year of 2016-2017) with whole farm produce. MSP is fixed by the government of India to procure the food grains from farmers (Table 2) . Likewise, the quantity of by-products produced (rice straw) from rice crops was calculated on the basis of 1.5 times of crop grain yield (Johnson et al. 2006; Sandhu et al. 2008 ). The economic value was then calculated using the farm gate prices of straw bales at local markets, i.e., US$ 15 t −1 of straw.
Biological control of pests
Rice insect pests managed by predators and parasitoids were assessed by using real pests and "prey surrogates," used to define a "predation rate" (Root 1967) . For calculating predation rate of rice ecosystems, the removal of "prey" types in that particular field was assessed by counting the number of bio-control agents present in the fields (Mala et al. 2009; Shepard et al. 1987; Gurr et al. 2004; Sandhu et al. 2005) . The bio-control agents and insect pests were sampled by a sweep net sampling method (Stubbs and Chandler 1978) . The economic threshold level of insect-pests (ETL, the farmers are advised to apply pesticides only when the pest population reaches above this level) was used to calculate insect-pest infestation per ha at ETL level. The recommended dose of pesticides against these pests were multiplied by the market price, along with the application cost to get the total cost of pest control per ha, which was subsequently used to calculate the cost involved for controlling the respective single insect-pests. Predation rate was calculated from the removal of prey by effective feeding capacity of each predator in their life cycle (Shepard et al. 1987) . Their corresponding predation rate was used to calculate the number of pests removed. The value of biological control of insect-pest was calculated by multiplying the number of pests removed by the cost involved in controlling single pests (Table 2) .
Soil formation
The ecosystem value due to soil formation was assessed on the basis of earthworm and dung beetles population in the rice fields ( Table 2 ). The number of earthworms and dung beetles were observed by the Tullgren funnel method (Southwood 1978) . The mean biomass of an earthworm is 0.2 g (Fraser et al. 1996) , and 1 t of earthworms forms 1 t of soil ha −1 year −1 (Pimentel et al. 1995; Sandhu et al. 2008) . It was reported that 2 g of soil was formed per gram of dung beetle on a dry weight basis (Herrick and Lal 1996) . The economic value of soil formation was estimated by multiplying the top soil value with the amount of soil formed annually. The economic value of one foot (~30 cm) of top-soil in India was reported as US$ 2093 ha −1 (Kathuria 2015) and was used in this study for ES evaluation.
Mineralization of plant nutrients
The economic value of mineralization of plant nutrients was calculated using data on mineralization of soil nitrogen obtained from the soil samples. Nitrogen mineralization (N min ) was determined by incubating soil http://www.dowrorissa.gov.in/DIP/DIPIndex.htm, Sreenivasalu. 2012 for 1 month. To measure mineral N (NH 4 -N) of the incubated soil, extraction with 2 M KCl (Keeney and Nelson 1982) was done followed by colorimetric determination using the indophenol blue method based on the Berthelot reaction. Net mineralized N was calculated and cumulative N min was determined (Shahid et al., 2017) and converted to annual mineralization of nitrogen (Table 2) . Total amount of nitrogen mineralized was valued at the equivalent price kg of N fertilizer (US$ 0.0824 kg
), giving the economic value of nitrogen mineralization.
Carbon flows and greenhouse gas emissions
Carbon flow was estimated considering the total carbon input in to the soil in the form of stubble, roots, and rhizodiposition, and emission of carbon dioxide (CO 2 ), methane (CH 4 ), and nitrous oxide (N 2 O) in the form of carbon equivalents. The proportion of stubble, roots, and rhizodiposition were taken as 2.5%, 19%, and 15% of the total biomass production, respectively from rice field (Mandal et al. 2008) . The carbon content of the residues added to the soil was taken as 40% (Johnson et al. 2006) . Carbon left over in soil was then estimated as 28.8% of total added carbon in soil (Mandal et al. 2008) . CO 2 , CH 4 , and N 2 O are the main greenhouse gas (GHGs) emitted from rice fields. Due to their potential role in the global warming, GHGs from rice field do a disservice to the ecosystem. A partial life cycle assessment (LCA) method (Hillier et al. 2009; Dubey and Lal 2009; Yan et al. 2015) was used to quantify the carbon emissions associated with rice cultivation, considering direct and indirect GHG emissions within the farm gate (from sowing to harvest). The direct GHG emissions was estimated from application of nitrogen (N) fertilizer (as N 2 O), CH 4 emissions (Yan et al. 2003; IPCC 2006) , from manure application Zou et al. 2007 ) and the indirect emissions were estimated by adopting the reported value from agrochemical manufacture processes (Soni et al. 2013; Yan et al. 2015) .
The economic value of carbon flow (carbon sequestration-carbon emission) in rice fields is estimated based on the value of one carbon emission reduction (CER) or carbon credit, which is about US$ 21.7 t −1 of carbon (Bhola and Malhotra 2014) .
Nitrogen fixation
Nitrogen fixation by beneficial microorganisms for rice was estimated based on the value given by (Roger and Ladha 1992) . In addition, a quantity of nitrogen is fixed by legume crops (Franco and Balieiro 2000) , which is also included in the calculation, wherever legumes were grown followed by a rice crop ( Table 2 ). The economic value of nitrogen fixed in such land was estimated by the amount of nitrogen fixed per hectare, which was then valued at the unit price of urea (US$ 0.0824 kg −1 ) in rice-based ecosystems.
Soil fertility
The soil fertility service of rice fields was estimated by the soil's contribution to available forms of nitrogen, phosphorus, potash, sulfur, and other micronutrients in representative soils. We estimated the nutrient uptake from soil for unit of economic produce (Roy et al. 2006 ). The contribution of nutrients from fertilizer was estimated from standard nutrient use efficiency for rice, i.e., N (34%), P 2 O 5 (25%), K 2 O (60%) (Ravichandran and Sriramachandrasekharan 2011; Lakshmi et al. 2012 ; Vinod and Heuer 2012) of the region (Table 2 ). Uptake by plants from soil was calculated by deducting fertilizer nutrient contribution from total uptake. These soil nutrients were valued at the unit price of respective local fertilizers.
Hydrological flow
The rice is cultivated in bunded fields that reduces the runoff and increases the residence time for percolation. We calculated the ES value from bunded rice fields through ground water recharge by taking 45% of total rainfall and irrigation as recharge to groundwater (Tripathi 2016) . The recharged ground water can be extracted and used for irrigation. These irrigation water otherwise would have been purchased. This is one of the most important services provided by the rice cultivation system. Thus economic value of recharged ground water was calculated at a purchase price of irrigation water, i.e., US$ 1.5 per 1000 m 3 water (FAO 2004) .
Soil erosion
Soil erosion does a disservice to the ecosystem and needs to be deducted from the total ES values. Soil erosion was calculated from the reference data given by the Department of Water Resources (2015) and the soil erosion map of the state (ICAR/DARE Annual Report, 2006 Report, -2007 . However, rice is cultivated in a bunded system in this region. The bund height ranges from 0.50 to 0.75 m. Since the average size of field is less than 0.1 ha, the sediment delivery ratio (SDR) is assumed to be 0.3 (Sreenivasalu 2012) , which is ultimately lost from the rice field. This factor is multiplied by the reference soil erosion data of the region to get the actual soil loss. This value is then multiplied with the value of top soil, i.e., US$ 2093 ha −1 of soil (Kathuria 2015) to calculate the economic value of soil loss.
Farm income and land holding identification/classification
Household farm income covers the value of the main and allied crop commodities produced on the farm, valued at local market prices in a year. Using a villagewise list of households available from the Sarpanch (Village head), 25 households were chosen, considering representation of different land-holding groups ) from each sampled village. Thus, a total of 400 households from four ACZs were selected. Respondents were asked to specify in detail all farm outputs, and prices for the different commodity in the local market over the last 12-month period preceding to the survey, as per the standard methodology adopted for the NSSO survey (NSSO 2013). Household farm income was determined by multiplying the quantity of total outputs produced with the average price of the respective commodities in the previous 12 months.
PCA and cluster analysis
Spatial trade-offs and synergies among specific ecosystem service values in rice fields were examined by using a principal component analysis (PCA) and cluster analysis using SAS software (SAS 2008) . In order to do so, spatial data for the specific ecosystem services were used as active variables and the spatial data for different zones [16 variables including four from each ACZ, i.e., NECP (Dhuliguda-BD, Baniamari-BB, Siadimal-BS, Jamundia-BJ), NWP (Kusarimunda-SK, Badbahal-SB, Larbanga-SL, Singhpali-SS), NCP (Sirispal-KS, Baliaguda-KB, Talagaon-KT, Deogaon-KD), and NEG (Kalinga-PK, Gatamaha-PG, Makapata-PMK, Malebadi-PML)] as supplementary variables. Hierarchical cluster analysis (HCA) was conducted to identify possible clusters of individuals sharing similar patterns.
Economic Gap analysis of ES
The gap of ecosystem service values of rice farming, and actual farm income from rice farms for different landholding groups, was estimated by subtracting perha farm income accrued from per-ha ES value estimated. The maximum and minimum gap was calculated by subtracting per-ha farmer income from perha total ecosystem service value, and marketed ES values, respectively. The maximum gap signifies the difference between actual farm income and the income generated by the farm through its contributions toward marketed and non-marketed ecosystem services. However, the minimum gap, which can be termed as the marketed gap, corresponds to the difference between the actual income from the farm and the income through marketed ecosystem services, which is calculated based on the minimum support price (MSP) of the crops. Hence, this gap represents the difference between the MSP of crops and the actual sale price at the farm gate.
Results

Food and by-products as marketed ES
The marketed ecosystem services which include both food and by-products were calculated based on the MSP for rice (US$ 228 t −1 ) and local market values for other crops, respectively in four ACZs of eastern India (Table 3) . Among four ACZs, NWP had the highest (US$ 1119 ha −1 year −1 ) and NECP the lowest (US$ 981 ha −1 year −1 ) food ES values (Table 3) . Different rice-based cropping systems, such as rice-rice, rice-oil seed, or rice-pulses had a higher value compared to rice mono crops. Similarly, rice-rice cropping patterns had the highest raw material value in NWP (US$ 114 ha −1 year −1 ) with a mean value of US$ 72 ha −1 year −1 . The total marketed value for food and by-products ranged from US$ 1052 ha −1 year −1
(NECP) to US$ 1234 ha −1 year −1 (NWP) with a mean value of US$ 1122 ha −1 year −1 .
Biological control of pests
There is a wide variation in the ES value of biological control of pest services across the four ACZs with an average value of US$ 1.6 ha −1 year −1 per ha of land. NEG showed highest values of bio-control services (US$ 2.9 ha −1 year −1 ) and NECP showed the lowest value (US$ 0.2 ha −1 year −1 ) (Table 3) .
Soil formation
The economic value of the soil formation ranged from US$ 7 × 10 −8 ha −1 year −1 at NWP to US$ 0.5 × 10 −8 ha −1 year −1 at NEG with the mean value of US$ 2.8 × 10 −8 ha −1 year −1 (Table 3) .
Mineralization of plant nutrients
The highest ES value due to mineralization of plant nutrients was observed in NECP (US$ 111 ha −1 year −1 ), whereas NWP had the lowest value (US$ 64 ha −1 year −1 ). The mean ES due to mineralization of plant nutrients was evaluated to be US$ 80 ha −1 year −1 in four different ACZs (Table 3) .
Carbon flow
On the basis of carbon flow, i.e., net carbon addition and emissions of GHGs expressed as net carbon equivalent (t ha −1 ), the economic value was assessed by the trading value of one carbon credit of about US$ 21.7 ha −1 (Bhola and Malhotra, 2014) . It was observed that the effect of carbon emissions (disservice) was highly variable, and these were deducted from net C change in the rice field to estimate the economic value of the carbon flow. In rice-rice ecosystems, the highest value of carbon flow (US$ 3.6 ha −1 year −1 ) was observed in the NWP zone and the lowest value in the NECP zone (US$ − 0.8 ha −1 year −1 ) ( Table 3 ). The average value of ES through carbon flow was calculated as US$ 0.5 ha −1 year −1 for all ACZs.
Nitrogen fixation
The economic value of nitrogen fixed in arable rice land in eastern India was calculated on the basis of literature, and was reported as the mean nitrogen fixation service, i.e., US$ 5.5 in rice ecosystem per hectare, annually. However, NCP, with its dominant area under rice-legume cropping systems, had the highest value, i.e., US$ 10 ha −1 year −1 and NEG (mostly rice-fallow) the lowest value for the nitrogen fixation ES (Table 3) .
Soil fertility
Wide differences in ES values due to soil fertility status were observed among different ACZs, ranging from US$ 64 ha −1 year −1 to US$ 487 ha −1 year −1 (Table 3) . Ricepulse systems had the highest value for fertility status among all the rice-based systems. In NCP, ground nut is grown as a rabi crop, and had the highest value (US$ 638 ha −1 year −1 ), with a mean value of US$ 256 ha −1 year −1 (Table 3) in four ACZs.
Hydrological flow
Based on the topographic situation and the amount of water precipitation, the hydrological flow in these zones varies greatly with time. The mean ES value was recorded as US$ 11.4 ha −1 year −1 due to recharge of ground water in four ACZs throughout the year. Among the four ACZs, the NWP and NECP zone had the highest value (US$ 12 ha −1 year −1 ) and the NCP and NEG zone had the lowest value (US$ 11 ha −1 year −1 ) in rice farming systems (Table 3) .
Soil erosion
On the basis of soil erosion data from all four ACZs collected from the Department of Water Resources and state erosion map, the net economic values of soil loss in all the study regions were calculated. Among all four ACZs, the soil erosion ES value varied from − 4.2 to − 2.1 ha
. However, NEG and NECP had the greatest negative value (as it is a disservice) and NWP had the lowest negative value of the soil erosion service (Table 3) .
Farm income and land holding classes
Average farm income from rice farm ranged from US$ 523 ha −1 year −1 (NEG) to US$ 795 ha −1 year −1 (NECP) with mean farm income of US$ 672 ha ) per unit land, in all the ACZs except NWP zone, where the trend was the opposite (Table 4) .
Economic gap analysis
The total economic gap (maximum gap), as estimated by subtracting the average annual farm income from total Biocontrol of pest 1.2 ± 0.3 2 ± 0.3 0.2 ± 0.1 2.9 ± 0.4 1.6
Soil formation (/10 8 ) 2.3 ± 0 7 ± 0 1.4 ± 0 0.5 ± 0 2.8
Mineralisation of plant nutrients 76 ± 3 64 ± 2 111 ± 4 68 ± 2 80
Carbon flow − 0.5 ± 0.6 3.6 ± 1.1 − 0.8 ± 0.3 − 0.3 ± 0.3 0.5
Nitrogen fixation 10 ± 0.9 2 ± 0.2 9 ± 1.3 1 ± 0 5.5
Soil fertility 487 ± 22 101 ± 16 371 ± 62 64 ± 9 256
Hydrological flow 11 ± 0.2 12 ± 0.1 12 ± 0.2 11 ± 0 11
Soil erosion − 3.7 ± 0.8
Non (Table 5) .
PCA and cluster analysis
We included all the ten parameters of ecosystem services (food, by products, biocontrol of pests, soil formation, mineralization of plant nutrients, carbon flow, nitrogen fixation, soil fertility, hydrological flow, and soil erosion) and 16 locations in all the four ACZs for PCA analysis. The analysis showed that the factor I (which accounts for 37.7% of the variance) was explained by the food, by-products, carbon flow, and hydrological flow of the rice ecosystem. The factor II (which accounts for 35.1% of the variance) was explained by biocontrol of pest, carbon flow services. Thus, the first two factors accounted around 72.8% of the variance in ecosystem services of the study area. All individuals were put into the coordinate system constituting the factor map shown in Fig. 2 . Individual data points with similar characteristics are bundled into three separate clusters using HCA (Table 6 ). Cluster 3 showed the greatest contribution to food and by-products. This group also contributed the highest value for biocontrol of pest, mineralization of plant nutrient, as well as carbon and hydrological flow to the environment. Cluster 1 showed the lowest total values of ecosystem services in eastern India. Economic value from food, by-products, nitrogen fixation, and soil fertility status services were lowest for this cluster.
Discussion
Marketed ES
Annual economic value of combined marketed and non-marketed ecosystem services from rice fields in four ACZs in eastern India ranged from US$ 1238 to 1688 ha −1 year −1 (Table 3) . Farmers are directly benefited from marketed ES, i.e., provisioning services, by selling grain and straw (i.e., primary production) in the market. Marketed ES from rice farms of four ACZs ranged from US$ 1052 to 1234 ha −1 year −1 with a mean of US$ 1122 ha −1 year −1 , which contributes about 66 to 89% toward the total value of ES from rice fields. The economic value per unit area of primary production constitutes only 11 to 26% of the integrated economic value per unit area of rice ecosystem services in China (Xiao et al. 2011) . The provisioning value of only the wheat component in a ricewheat system was US$ 1035 ha −1 in North India (Pathak et al. 2017 ). According to (Sandhu et al. 2008 ) major portion of ES in the intensively cultivated area with cereal, vegetables, and cash crops from arable land of the Canterbury region in New Zealand ranged from US$ 840 ha −1 year −1 to US$ 14,000 ha
, with a mean value of US$ 3220 ha
. Inclusion of cash crops in the system resulted in higher values of provisioning services.
Though rice is the main cereal crop grown in the eastern part of India, its productivity is still below the country's mean productivity level (2391 kg ha −1 ; Government of India (GOI), Ministry of Agriculture, 2016). In most parts of this region, rice is cultivated as a mono crop followed by fallow, and the average consumption of fertilizer for this region (NPK) is 63 kg ha −1 , which is much lower than the national average of 131 kg ha −1 (GOI 2016). Factors such as frequent flood, drought, and cyclones in the eastern part of the country are responsible for the low productivity in this region (Department of Water Resources 2009). In this study, it was observed that those areas that adopted a double cropping pattern, i.e., rice-rice, rice-oil seed, and rice-pulses produced higher ES values (the NCP, NECP, and NWP zones) than mono-cropping areas (the NEG zone). Crop diversification, better crop management, post-harvest management, and value addition can improve the marketed ES in this region. Growing of pulses in rice-fallow will not only increase the economic value but also maintain the soil health by increasing the fertility status and minimizing soil loss . Preparation of brown rice, puffed rice, flaked rice, rice crisp, ready-toeat foods, and extruded foods are some options available for value addition of rice grain (Singaravadivel 2016) . Grain by-products like rice bran (contains 10−23% bran oil), which are in demand due to their anti-oxidant properties, are another possibility for value addition. Similarly, rice husks can add value, when converted to briquettes and pellets (Ozyuguran et al. 2014 ). Using rice straw for mushroom production is another option; about 50-100 kg of mushrooms can be prepared using 1 t of dried rice straw (Zhang et al. 2002) . Rice straw composite products, such as biochar and particle boards, can have great environmental benefits along with higher economic value, and are at least 20% cheaper than existing forest wood technology alternatives ( Mantanis et al. 2000) . Further, rice straw is not considered as a good animal feed (Singh and Sidhu 2014) due to its high silica content (Drake et al. 2002) . Hence, efforts are needed for increasing the digestibility of rice straws as livestock feed, through appropriate breeding strategies (Sarnklong et al. 2010) .
Other services as non-marketed ES
Usually primary production (tangible in nature) is considered for socioeconomic analysis and estimation, neglecting other components of ES (non-marketed ES) that often constitute a significant portion of the total ES (Sandhu et al. 2008) . Hence, in this study, various nonmarketed ES such as biocontrol of pests, soil formation, mineralization of plant nutrients, carbon flows, nitrogen fixation, soil fertility, hydrological flows, and soil erosion have been valued and presented.
Biological control of pests
Predators and parasitoids in rice fields play a vital role in keeping harmful pests under control. In this paper, the NEG zone had the highest value (US$ 2.9 ha −1 year −1 ) and NECP the lowest (US$ 0.2 ha −1 year −1 ) in terms of bio-control of pests. Predator abundance and diversity varies from one ACZ to another, which contributed to different values from this particular ES. Many studies have found relationships between predator abundance and diversity for effective pest control (Bianchi et al. 2006; Letourneau et al. 2009; Chaplin-Kramer et al. 2011 ). Higher use of pesticides in farming inhibits the ability of farm land support service such as biocontrol of insect pests (Sandhu et al. 2005) . Ensuring the abundance of predators and parasites by limited use of pesticide could enhance the bio-control of pests (Gurr et al. 2004 ). However, the values are negligible (less than 1%) compared to the marketed ES.
Soil formation
The mean economic value of this service was US$ 2.8 × 10 −8 ha −1 year −1 which includes only the activity of earthworms and dung beetles; other drivers of soil formation have not been accounted for in this study. These two soil organisms are responsible for a large part of formation of soil, maintaining the soil structure and fertility (Stockdill 1982; Lee 1985; Edwards 2004) . Soil biota provides the soil formation ES (Breemen and Buurman 2002) and grow better in low to medium humid soils than upland dry soils. The lowest soil formation value was seen for the NEG, which is part of the Eastern Ghat range, where dry upland conditions prevailed. The values are negligible compared to the marketed ES.
Mineralization of plant nutrient
Nitrogen is the main plant nutrient which is available to crops. To estimate the economic value of N, which is available to crops by mineralization process was calculated by direct laboratory estimation of NH 4 mineralization of soil collected from field. This was converted to total N which is 78% of NH 4 , and finally converted to market value of nitrogen fertilizer. Sandhu et al. (2005 Sandhu et al. ( , 2008 described the economic value of plant nutrient mineralization which was assessed using bait-lamina probes (Kratz 1998; Torne 1990) in the field and the value varied from US$ 142 ha −1 year −1 in conventional fields to US$ 260 ha −1 year −1 in organic fields. In this study, the value of ES due to mineralization of nitrogen ranged from US$ 64 ha −1 year −1 in NWP to US$ 111 ha −1 year −1 in NECP. Soil microorganisms and invertebrates decompose organic matter to simpler forms (plant available form) (Brady and Weil 2004) , which is one of the most important services provided by soil.
Carbon flow
We calculated the total carbon flow in rice farming systems by accounting the net carbon addition and carbon emission (GHG emission in terms of t C ha −1 ), which indicates a source and sink behavior of studied ACZs, with an overall sink. Rice, along with other succeeding crops, is a major contributor of GHG emissions to the environment. Rice is usually cultivated in flooded soil and produces methane from anaerobic decomposition in the submerged soils, and nitrous oxide from nitrogen fertilizers (FAO 2005) , resulting in much higher GHG emissions than aerobic crops (Pathak et al. 2010) .
Improved management practices such as optimized tillage or conservation agriculture, and crop residue management after crop harvest can increase carbon accumulation in soils (Garcia-Torres et al. 2003; Magdoff and Weil 2004) . This study, where double cropping was practiced (rice-rice, rice-pulses, etc.), showed large carbon flows compared to mono-cropping areas. The carbon input calculation method used in this study involves uncertainty due to different agro-climatic zones, soil type, management practices such as tillage and water management followed, etc. (detailed uncertainty analysis of all ES is presented in Additional file 1: Table S1 ); however, the system acts as sink and has been reported in other studies (Nayak et al. 2012; Bhattacharyya et al. 2014; Swain et al. 2016) . It is evident from 27-year long-term experiments that there is a depletion of SOC in trans and upper Indo-Gengetic plains (IGP) in N-W India and buildup of SOC in lower IGP (eastern India) under ricewheat systems (Nayak et al. 2012) . However, considering all the components of the C balance including CH 4 and NO 2 emission (CO 2 equivalent on the basis of GWP), low land rice ecosystem act as net C sink (Bhattacharyya et al. 2014; Swain et al. 2016) .
Nitrogen fixation
Nitrogen fixation is a process by which the Earth's atmosphere N 2 is converted into ammonia (NH 3 ) or other organic forms available to crop plants (Postgate 1998) . Nitrogen fixation by growing legumes was also reported from arable farming (Sandhu et al. 2008) . We observed that the value of ES due to nitrogen fixation in rice farms varied from US$ 1 ha
where rice is mostly cultivated as a monocrop to US$ 10 ha −1 year −1 in NCP, with rice-pulses as major cropping system. These values are negligible (~1%) compared to marketed ES. On the basis of market price of chemical fertilizer, an annual value of about US$ 13.65 ha
for biological nitrogen fixation services was reported from Ecological Station of Jatai (Santos et al. 2001 ). Symbiotic relationships with N-fixing bacteria can enhance nitrogen availability through fixation of nitrogen from the atmosphere, but some free-living soil bacteria can also fix atmospheric nitrogen in to the soil (Zhang et al. 2007; Vitousek et al. 2002) .
Soil fertility
For sustainable agricultural production, soil fertility plays a major role. Better agronomic management such as organic farming, crop rotation, cultivation of legumes, chemical fertilization, etc. can maintain or improve soil fertility and increase grain yield Xiao et al. 2011) . In this study, the highest value for soil fertility services was observed in the NCP zone (US$ 487 ha −1 year −1 ), which might be due to the rice-pulse cropping system compared to the mono-cropping system in the NEG zone (US$ 64 ha −1 year −1 ). In earlier studies, ES in terms of soil fertility was estimated at US$ 281 ha −1 from cultivated land (Ploeg and de Groot 2010) .
Hydrological flow
Hydrological flow renews the water supply to the ecosystem by buffering and moderating of the hydrological cycle, which includes water infiltration into soils and aquifers, moderation of runoff, and plant transpiration (Garbach 2014) . A bunded and flooded rice field can also be considered as micro-water harvest structure and as a major source of groundwater recharge (Tzia 1993) . In eastern India, rice is cultivated mostly in small bunded fields that facilitate the recharge of rain water by increasing the residence time. In this study, the economic value of the hydrological flow service ranged from US$ 11 to 12 ha −1 year −1 among four rice ACZs (Table 3) , which is negligible (~1%) compared to marketed ES. The primary reasons behind the different values of ES for hydrological flow may be due to the different soil types and water intake capacities of soil in different geographical situations. It has been reported that abandonment of rice fields resulted in reduction of groundwater recharge (Imaizumi et al. 2006) ; the recharge could be enhanced by prolonging the submerged period of paddies and bringing fallow land under rice cultivation (Tanaka et al. 2010) . Sandhu et al. (2008) reported ES from hydrological flow service was US$ 54 ha −1 year −1 from conventional fields. Similarly, the ES for hydrological flow in cereals and pastures were US$ 86 ha −1 year −1 and US$ 76 ha −1 year −1 , respectively (Porter et al. 2009 ). Mondal and Nalatwadmath (2014) estimated intangible benefits from watersheds (of about 500 ha in semi-arid region of India) using indirect/non-market valuation methods to the extent of US$ 15,199 year −1 , and suggested concerted measures for moderation of hydrological flow, soil and water conservation, reducing soil erosion, etc.
Soil erosion
Soil loss through erosion is a major disservice to the environment. Erosion can be caused by raindrops, runoff due to a change of crops, and faulty agronomic practices. But the rice-based cropping systems had a significant lower level of soil loss compared to the regional average due to small plot size and the use of bunded systems for rice cultivation. The variation in soil loss from rice field in this study was mainly due to soil type, topographic situation, and cropping system followed. In the high rain fall area of the eastern region, the bunded system of rice cultivation not only reduced soil erosion but also enhanced water recharge due to an increased residence period. Soil erosion of different ACZs varied from 7.5 t ha −1 year −1 in NWP to 30 t ha −1 year −1 in NCP. In this study, the economical value of soil erosion service was ranged from US$ − 4.2 to − 2.1 ha −1 year −1 among four rice ACZs (Table 3) , which is negligible (< 1%) compared to the marketed ES. Bunded rice plots modified the sediment delivery ratio and reduced the soil loss, resulting in a lower negative economic value of soil erosion. A study conducted in Japan found that environmental function of agriculture with regard to erosion control was valued as US$ 4147 million (Natuhara 2013) over the whole country. Another study in Japan reported that the willingness to pay for prevent soil erosion service was US$ 3.9 per household (Aizaki et al. 2006) .
Land holding classes vs farm income
Farm income accounts for provisioning services from the rice field through sale of commodities in the market. Difference in productivity and local market price of commodities caused the variation in farm income, which ranged from US$ 523 ha −1 year −1 in NEG to US$ 795 ha −1 year −1 in NECP, with mean of US$ 672 ha −1 year −1 . The average farm household income of India was estimated to be INR 6426 (100 $) per month = 1200 US$ year −1 (NSSO 2013). Among the studied ACZs, a wide difference in agricultural income was found between different land holding classes. Our study revealed that marginal farmers are economically more efficient than large landholders in the area where rain-fed pulse crops, such as green gram (Vigna radiata) and black gram (Vigna mungo), are grown after rice. In the irrigated area, where intensive rice-rice-vegetable farming is practiced (the NWP zone), the average household income of large landholders was higher than the marginal landholders. Experience with agricultural intensification over recent decades has reflected the importance of institutional policy in the transformation and growth of agricultural production systems (FAO 2011) .
Economic gap analysis
Total ES values differ significantly among different ACZs leading to the economic gaps that include both maximum and minimum economic gaps. The maximum economic gap of ES for rice farming was higher in the NCP zone (US$ 1063 ha −1 year −1 ) ( Table 4 ) due to higher total ES value. Similarly, the minimum ecosystem service gap was highest for NEG (US$ 573 ha −1 year −1 ) and lowest for the NECP zone (US$ 257 ha −1 year −1 ). These gaps can be bridged by enhancing provisioning services through agro-ecological intensification, better management practices to sustain and enhance positive ES and minimization of negative ES/disservices to the environment, value addition, and improved market access. Globally, there has been a recent focus on policy and institutional innovation to support and promote sustainable agriculture. Payment for environmental/ecosystem services (PES) is an initiative that has been started in many countries to provide incentives for the provision of positive environmental externalities. PES may be a good option for supporting sustainable agricultural development in developing countries. The PES schemes exists in different parts of world, such as China and the UK for carbon sequestration; South Africa and Mexico for watershed protection; and the USA, Costa Rica, and Nicaragua for biodiversity conservation (Kinzig et al. 2011) . Different agri-environmental policies in the USA and the European Union were taken in to consideration for environmental services payments, which pay farmers to minimize the negative externalities of agricultural production, by transferring public funds to farmers. In countries like the USA, Europe, and China, large Govt. PES programmes totalling about US $ 20 billion exists to support watershed protection, biodiversity conservation, and esthetic protection (Milder et al. 2010 ). However, in India, no such programmes exists because of lack of studies on assessment of valuation of ES and associated PES. This paper is an attempt to sensitize stakeholders and policy makers and academia for conducting further studies for assessment of ES from different farming and natural systems for development of effective PES programme. In India, about 70% of all community households depend on farm income which is primarily from crop cultivation. The farm incomes of agricultural crops mostly depend on the MSP value that covers only few crops fixed by the government. The small farmers are not able to sell their produce at government procurement centers and are forced to sell their produce to the middlemen at a price lower than the MSP. Hence, there is a need to compensate farmers by devising PES methodology on the basis of these gaps in income to promote sustainable agricultural development, while at the same time protecting and enhancing ES.
Conclusions
The total economic value per unit area ES of the rice fields of eastern India ranged from US$ 1238 to 1688 ha −1 year −1 . If ecosystem services provided by rice-based system on esthetic, artistic, educational, and spiritual aspect (Cultural), CO 2 /O 2 balance (gas regulation), and maintaining the flora and fauna diversity (biodiversity) were analyzed, the value of non-marketed ecosystem would have been much higher. Differential value of ES parameters can explain the variability in ecosystem services and farmer's income among the ACZs in eastern India. Clustering of locations and individual ES helps in identifying the intervention points for sustaining and improving the ES while ensuring sustainable agro-ecological intensification. This will sensitize the policy makers and the stake holders about the importance of ES and the value accrued to the society and need for maintaining and enhancing it. This will promote both the sustainability of ecosystems and agricultural development. There is also a need for more studies at local and regional level to represent site-specific characteristics of ecosystem services and development of methodology for PES.
Additional file
Additional file 1: Table S1 . 
